There is growing recognition of the need to incorporate information on movement behavior in landscape-scale studies of dispersal. One way to do this is by using indirect indices of dispersal (e.g., genetic differentiation) to test predictions derived from direct data on movement behavior. Mark-recapture studies documented upstream-biased movement in the salamander Gyrinophilus porphyriticus (Plethodontidae). Based on this information, we hypothesized that gene flow in G. porphyriticus is affected by the slope of the stream. Specifically, because the energy required for upstream dispersal is positively related to slope, we predicted gene flow to be negatively related to change in elevation between sampling sites. Using amplified DNA fragment length polymorphisms among tissue samples from paired sites in nine streams in the Hubbard Brook Watershed, New Hampshire, USA, we found that genetic distances between downstream and upstream sites were positively related to change in elevation over standardized 1-km distances. This pattern of isolation by slope elucidates controls on population connectivity in stream networks and underscores the potential for specific behaviors to affect the genetic structure of species at the landscape scale. More broadly, our results show the value of combining direct data on movement behavior and indirect indices to assess patterns and consequences of dispersal in spatially complex ecosystems.
INTRODUCTION
Understanding the causes and consequences of animal dispersal may be critical to answering basic ecological and evolutionary questions (McPeek and Holt 1992, Hastings 1993) and to conserving species in human-impacted systems Allendorf 1996, Shaffer et al. 2000) . However, populations of many species are distributed across spatially complex and heterogeneous landscapes, making it difficult to measure dispersal directly at scales that are relevant to demographic and evolutionary processes. As a result, empirical research on dispersal often relies on indirect inference from genetic data and patterns of spatial or temporal variation in local abundance (Clobert et al. 2001 , Bullock et al. 2002 . These indirect approaches yield valuable insight, but can mask details of animal movement behavior, including responses to barriers (Haddad 1999) and directional biases (MacNeale et al. 2004) . In recognizing the importance of these details to basic and applied questions, there is growing emphasis on the need to incorporate information on move- Manuscript (Bossart and Prowell 1998 , Clobert et al. 2001 , Nathan 2001 , Bélisle 2005 . One way to do this is by using indirect indices of dispersal to test specific predictions derived from direct data on animal movement behavior.
Spatial patterns of genetic differentiation are often used to characterize dispersal (e.g., Schwartz et al. 2002) . In this context, the isolation-by-distance hypothesis, which predicts that gene flow decreases as the distance required for successful dispersal increases (Wright 1943) , is well supported (e.g., Chenoweth et al. 1998 ). This hypothesis is broadly testable and informative in part because any two sampling sites can be characterized by two-dimensional geographic coordinates and a resulting distance. However, the landscape is three dimensional, and distance between any two sites can also be characterized by an elevation profile reflecting intervening topography. These elevation profiles may affect dispersal and gene flow, independent of the effect of distance (e.g., Angers et al. 1999) . Our goal was to explore how change in elevation affects gene flow in a headwater stream salamander by testing a prediction derived from direct data on the movement behavior of the focal species.
Using mark-recapture methods, a strong upstream bias in the movement of the headwater stream salamander Gyrinophilus porphyriticus was documented in 16 streams located throughout New Hampshire, USA (Lowe 2003; B. J. Cosentino, W. H. Lowe, and G. E. Likens, unpublished manuscript) . Both larvae and adults showed this directional bias, and there was no difference between the movement distributions of the two life history stages. This data set includes two streams in the Hubbard Brook Watershed where sampling for the current study occurred. G. porphyriticus is a member of the family Plethodontidae, the lungless salamanders. Its range extends along the Appalachian Mountains, from Alabama to southern Quebec. G. porphyriticus larvae are strictly aquatic, but adults can be found both in the channel and along the edge of the stream (Bishop 1941 , Petranka 1998 . The larval period is three to five years, sexual maturity occurs within one year after metamorphosis (Bishop 1941 , Bruce 1972 , and maximum life span in New Hampshire was estimated to be approximately 10 years (Lowe 2003) .
ISOLATION BY SLOPE IN A STREAM SALAMANDER

Reports
Based on our understanding of the movement behavior of G. porphyriticus we hypothesized that dispersal and gene flow are influenced by the slope of the stream, as represented by change in elevation between sampling sites. More specifically, because gravity dictates that the energy required for upstream dispersal is positively related to the slope of the stream over a given distance, we predicted gene flow to be negatively related to change in elevation along the stream. This relationship is likely to have the strongest effect on genetic differentiation in species that are highly restricted to the stream corridor, reducing the likelihood that overland dispersers contribute to gene flow, and in which downstream movement occurs infrequently or at small spatial scales (Bunn and Hughes 1997 ). Anecdotal reports suggest that adults of G. porphyriticus can be found moving overland in the southern Appalachians (R. C. Bruce and H. M. Wilbur, personal communication) . However, diet data from New Hampshire indicate that G. porphyriticus adults are highly aquatic (Lowe et al. 2005) , and a study conducted at four streams in the Hubbard Brook Watershed in 2004 found that terrestrial movement by adults was restricted to within 2 m of the stream edge (B. T. Greene, W. H. Lowe, and G. E. Likens, unpublished data) . Downstream movement by larvae and adults of G. porphyriticus occurs significantly less frequently and over shorter distances than upstream movement (Յ85 m vs. Յ484 m in a 3-yr interval, respectively; Lowe 2003).
We collected G. porphyriticus tissue samples at paired sites in nine hydrologically independent streams distributed throughout the Hubbard Brook Watershed. In each stream, downstream and upstream sites were separated by 1 km, measured along the stream channel. Change in elevation over this distance varied as a function of drainage topography. We used the amplified fragment length polymorphism (AFLP) technique to characterize genetic variation at each site (Vos et al. 1995) , and we used regression analysis to assess the relationship of genetic distance between downstream and upstream sites to change in elevation.
METHODS
Study sites and tissue collection
The 31.6 km 2 Hubbard Brook Experimental Forest (HBEF), located within the White Mountains of central New Hampshire, USA (43Њ56Ј N, 71Њ45Ј W), comprises all but a small portion of the Hubbard Brook Watershed (Fig. 1) . In June, July, and August of 2003, we sampled salamanders in nine hydrologically independent streams on both south-and north-facing aspects of the Hubbard Brook Watershed. The study streams were selected to represent a range of drainage slopes. Typical of headwater streams in New Hampshire, the study streams have low conductivity (12.0-15.0 S), slight acidity (pH of 5.0-6.0), high dissolved oxygen content (80-90% saturation), and moderate midday summer temperatures (13.0-17.0ЊC) (Likens and Bormann 1995) .
Tissue samples were collected from G. porphyriticus individuals at two sites (each 100 m in length) in each stream. Based on distance measured along the stream, downstream sites were comprised of the reach between 100 and 200 m from the downstream confluence of the study stream with a higher-order stream (Fig. 1 ). Upstream sites were comprised of the reach between 1200 and 1300 m from this downstream confluence. Consequently, downstream and upstream sites were separated by 1 km along the stream, but change in elevation over this distance varied as a function of the topography of the drainages. Ten individuals were sampled at 16 sites and nine individuals were sampled at two sites (downstream in Zigzag East and upstream in Cascade). Ratios of larvae to adults sampled were between 0.67 and 1.5 to 1, and there were no differences among streams or between downstream and upstream sites in these values (two-way analysis of variance [ANOVA]; stream effect, F 8,8 ϭ 0.43, P ϭ 0.56; site effect, F 1,8 ϭ 0.36, P ϭ 0.56). We obtained tissue samples nonlethally by removing a small piece from the tip of animal's tail, which subsequently regrows. Tissue was placed in 90% ethanol and stored at Ϫ80ЊC.
AFLP amplification and scoring
Total DNA was extracted from tissue samples using standard phenol extraction methods. The AFLP loci were developed using the manufacturer's instructions with the AFLP Plant Mapping Kit (Applied Biosystems [ABI], Foster City, California, USA). Loci from the Eco RI-ACA primer labeled with the FAM fluorochrome paired with the Mse I-CAC primer were selectively amplified. Amplified products were run on an ABI 3100 sequencer, and AFLP peaks were categorized and scored using the ABI Genotyper v3.0 software. We identified a total of 92 polymorphic loci among the 178 individuals sampled. We determined that AFLP peak profiles were highly repeatable in estimated sizes and fluorescence intensity by performing duplicate reactions on 15 randomly selected samples. 
AFLP analyses
Because AFLP markers are dominant loci, the assumption of Hardy-Weinberg equilibrium is often made to analyze genetic diversity and genetic structure using these markers (Holsinger et al. 2002) . We used analytical techniques that do not rely on this assumption, but do assume that deviations from Hardy-Weinberg equilibrium and from linkage equilibrium are similar across sites. To increase confidence in our results, we also used two different metrics of genetic distance: ⌽ ST and B (Excoffier et al. 1992 , Holsinger et al. 2002 . Both metrics are analogous to F ST at the molecular level (Wright 1951) , describing the level of genetic divergence between sites within streams.
Pairwise ⌽ ST values for downstream and upstream sites within each stream were estimated using the analysis of molecular variation (AMOVA) framework implemented in WINAMOVA v1.55 (Excoffier et al. 1992 ). This procedure uses pairwise Euclidian dis-tances among AFLP marker profiles for analyses, and does not require indirect estimates of allele frequencies.
The distance matrix and other input files needed for AMOVA were produced using AMOVA-PREP v1.1 (Miller 1997a) . We used the Bayesian method developed by Holsinger et al. (2002) to estimate pairwise B statistics for downstream and upstream sites. These analyses were performed using Hickory v1.0.3 (Holsinger and Lewis 2003). The Hickory program was also used to estimate average heterozygosities at each site. Percentages of polymorphic loci at each site were obtained using Tools for Population Genetic Analysis (TFPGA) v1.3 (Miller 1997b) .
Change in elevation (m) for paired sites in each stream was calculated as the difference between the maximum elevation of the downstream site (i.e., at the upstream end) and the minimum elevation of the upstream site (i.e., at the downstream end). Geographic coordinates for points every 100 m along the study Fig. 1 ). Least-squares regression lines are plotted. streams were obtained using a global positioning system receiver (Garmin, Olathe, Kansas, USA). The elevations of these points were determined using Terrain Navigator software (MAPTECH, Amesbury, Massachusetts, USA) with an enhanced digital elevation model of the Hubbard Brook Watershed (Fig. 1) .
Linear regression analysis was used to test the prediction that genetic distance (⌽ ST and B ) is positively related to change in elevation between downstream and upstream sites. To meet the assumption of normality, change in elevation was square-root transformed. Assuming a stepping-stone model at drift/migration equilibrium, a positive relationship between genetic distance and change in elevation would indicate that gene flow decreases with increasing slope (Kimura and Weiss 1964) . To assess variation in G. porphyriticus genetic diversity throughout the watershed, we used two-way ANOVA to test for differences among streams and between downstream and upstream sites in average heterozygosity and percentage of polymorphic loci.
To test the assumption that dispersal by G. porphyriticus occurs predominantly along the stream corridor, pairwise ⌽ ST values were estimated for all combinations of sampling sites (153 pairwise comparisons). The time required to estimate B for all pairs of sampling sites was prohibitively long. We used the Terrain Navigator software to calculate pairwise overland distances (i.e., straight-line distances) and stream distances (i.e., shortest distances along stream corridors) for all sites. We then used the Mantel matrix correspondence test (Mantel 1967) , implemented with the TFPGA program, to test for correlation of pairwise genetic distances with both overland and stream distances (m). Overland and stream distances were squareroot transformed to increase normality. Pairwise ⌽ ST values were predicted to be positively related to stream distances and unrelated to overland distances.
RESULTS
Both ⌽ ST and B were positively related to change in elevation between downstream and upstream sites in the nine study streams (⌽ ST , F 1, 7 ϭ 11.69, P ϭ 0.01, r 2 ϭ 0.63; B , F 1, 7 ϭ 11.17, P ϭ 0.01, r 2 ϭ 0.61; Fig.  2 ). Because sampling sites in each stream were 1 km apart, measured along the stream, these relationships between change in elevation and genetic differentiation are independent of stream distance. There were no differences among streams or between downstream and upstream sites in average heterozygosity (stream effect, F 8,8 ϭ 0.9, P ϭ 0.56; site effect, F 1,8 ϭ 0.3, P ϭ 0.6; Appendix) and percentage of polymorphic loci (stream effect, F 8,8 ϭ 1.09, P ϭ 0.45; site effect, F 1,8 ϭ 1.08, P ϭ 0.33). Across all sites (153 pairwise comparisons), there was a significant positive relationship between stream distances and ⌽ ST values (Mantel matrix correlation: r ϭ 0.23, P ϭ 0.02) and no relationship between overland distances and ⌽ ST values (r ϭ 0.14, P Ͼ 0.05).
DISCUSSION
Mark-recapture studies revealed the strong upstream bias in G. porphyriticus movement (Lowe 2003) , and this information allowed us to predict that gene flow would be negatively related to change in elevation along nine streams in the Hubbard Brook Watershed (Fig. 2) . Variation in gene flow was observed at the scale of 1 km along the study streams, suggesting that the predicted effect of slope on the movement of G. porphyriticus was highly consistent in space and time. There was no difference among streams or between downstream and upstream sites in genetic diversity, quantified as average heterozygosity and percentage of polymorphic loci, suggesting that demographic histories for processes that could influence genetic diversity at these sites (e.g., population bottlenecks and demographic expansions) have been similar over the recent past (Hartl and Clark 1997) , and that natural selection may maintain local genetic diversity when gene flow is low. In addition to this evidence of similar demographic histories, repeated surveys conducted in three of the study streams (Bagley Trail, Canyon, and Cascade) in 2004 suggest that current abundances of G. porphyriticus do not differ among these streams, or between downstream and upstream sites within these streams (W. H. Lowe and G. E. Likens, unpublished data) . Our analysis of isolation by distance supported the assumption that dispersal by G. porphyriticus occurs primarily along the stream corridor.
Along with direct data showing that downstream movement by larvae and adults of G. porphyriticus is rare (Lowe 2003, B. J. Cosentino, W. H. Lowe, and G. E. Likens, unpublished manuscript) , the consistency of genetic diversity across sites refutes the alternative hypothesis that variation in gene flow along the nine study streams was related to variation in rates of downstream movement. If downstream movement, or drift, were an important mechanism of gene flow in this species, we would expect to see a trend toward higher genetic diversity at downstream sites due to contributions from multiple, independent first-order tributaries that join the main channels of five of the study streams between sampling sites (Fig. 1 ). An assignment test could be used to determine the precise contributions of upstream and downstream gene flow to the observed pattern of differentiation (Berry et al. 2004 ), and we are currently collecting the additional samples needed to perform this test.
As in cases where genetic data support the isolationby-distance hypothesis, the relationship between slope and gene flow observed in G. porphyriticus cannot be linked to a specific mechanism of isolation on the basis of our results (Manel et al. 2003) . Our prediction was based on the expected direct effect of slope (i.e., gravity) on dispersal, but this relationship may have resulted from factors limiting gene flow that were correlated with slope, such as elevational variation in aquatic conditions, reaches with high predator densities, or other features of the landscape. We are currently examining relationships between genetic differentiation in G. porphyriticus and elevational trends in 17 aquatic conditions (e.g., water temperature, dissolved oxygen, acidity) measured every 100 m along the 1 km separating downstream and upstream sites in the nine study streams (G. E. Likens and D. C. Buso, unpublished data) . Preliminary results indicate that the observed pattern of genetic differentiation is unrelated to spatial variation in these conditions. Brook trout (Salvelinus fontinalis), a predator of G. porphyriticus (Lowe and Bolger 2002) , are rare in tributaries of the main Hubbard Brook and, when present, are limited to reaches within 100 m of tributary confluences (D. C. Buso and G. E. Likens, personal observation). Because all of our sampling sites were more than 100 m upstream of confluences with the main Hubbard Brook, brook trout distribution is unlikely to account for the pattern of genetic differentiation observed in G. porphyriticus.
In North and South Carolina, Bruce (1972) found that G. porphyriticus had larger adult body sizes, later maturity, and lower size-specific fecundity in high elevation populations than in low elevation populations. In this and other cases where plethodontids exhibit genetic or phenotypic variation along elevational gradients (Hairston 1987 , Wake 1987 , the direct effect of slope on dispersal and gene flow should be examined as a possible mechanism leading to population differentiation. The high level of interest in local adaptation and speciation in plethodontids (e.g., Wake 1997 , Mead et al. 2001 further reinforces the value of direct data on the movement behavior of species in this family (Rissler et al. 2004) .
The presence of a nearby immigrant source can mitigate the negative effect of logging-associated sedimentation on the abundance of G. porphyriticus (Lowe and Bolger 2002) , and dispersal can stabilize local population growth rates (Lowe 2003) . Along with these and other studies (e.g., Storfer and Sih 1998, Ferguson 2000) , the molecular data presented here underscore the need to consider dispersal in applied and basic research on the population biology of stream amphibians. More broadly, our results show that information on elevation gradients and distance along the stream corridor can be used to manage for population connectivity in stream networks.
This study illustrates the value of using direct data on animal movement behavior to derive predictions that can be tested using indirect indices of dispersal, thereby exploiting the complementarity of these two types of data to build understanding of dispersal in spatially complex ecosystems. It also highlights the applicability of elevation data to analyses of controls on gene flow (Manel et al. 2003) , and the potential for specific behaviors (e.g., upstream-biased movement) to affect the genetic structure of species at the landscape scale (King and With 2002) . A critical next step in empirical research on animal dispersal is to expand general understanding of how the genetic and phenotypic attributes of individual dispersers affect the largescale consequences of this important demographic and evolutionary process.
